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   Abstract— Reliable condition indicating parameters are needed in 
the energy sector with web based information structure and with 
increased number of aged power apparatus operating in digital 
switching and loading environment.  This project for oil-filled power 
transformers is taken up by Cooperative Research Centre for 
Integrated Engineering Asset Management (CIEAM) to develop 
knowledge models for prediction of remaining life of operating 
transformers and for other asset decision making processes in 
prognosis of failure rate. The aims at Queensland University of 
Technology (QUT) are to come up with partial discharge (PD) and 
relaxation condition indicators.  In this paper, analysis of the earlier 
paper results is presented to arrive at condition indicators for aging.  
The time domain results are analyzed with three techniques and 
frequency domain results are analyzed with four techniques based on 
the reported dielectric response models. The study yields new 
dynamic information on aged status to develop the multiple 
diagnostic models for the prediction of the remaining life, rate of 
degradation and developing faults.  
 
   Index Terms— Dielectric Relaxation, Polarization, Low Frequency 
Domain Spectroscopy or Dielectrometry, Polarization Index, 
Condition monitoring. 
 
I. INTRODUCTION 
 
Power transformers are the most expensive part of the network 
between generation, transmission and distribution operations 
of the electrical energy. The voltage level and ratings vary 
widely depending on the utility’s service.  In this competitive 
de-regulated energy market, cost effective asset management 
program requires on-line, on-site and non-intrusive condition 
monitors to predict the reliability, life cycle cost and 
remaining life of operating power apparatus [1][2].  A few on-
line expensive commercial units to monitor single and a few 
dissolved gases-in-oil (DGA), hot-spot, PD, and loss angle at 
50 Hz are available for use. Recent publications [3]-[5] try to 
summarize possible diagnostic tests, condition assessment 
methods and reconditioning techniques on liquid-filled power 
transformers. The post mortem study [6] on scraped 
transformers aged from 16 to 44 years found that degree of 
polymerization (DP) varied with the sampled locations, and 
correlation was established with furan content and averaged 
value of measured DP.  They suggested studying the influence 
of moisture content and temperature on the above diagnostic 
measurements.  The cellulose and oil insulation materials of 
transformer are depolymerized by thermal, oxidative and 
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hydrolytic degradation in the presence of water and oxygen at 
high operating temperatures.  Moisture finds its path through 
the leaky seals and aging of the oil-paper insulation. Oxygen 
may find its path through the breathers [7]. Water in oil-paper 
insulation can reduce the dielectric withstand strength, 
accelerate cellulose aging leading to de-polymerization and 
initiate the emission of gas and water bubbles at hot spots 
during load changes. The paper [8] discusses the moisture 
model to determine the moisture distribution in oil and 
cellulose based on oil flow, moisture vapor pressure and 
saturation properties of oil and cellulose. It suggests that aging 
and bubbling considerations are based on the moisture content 
of the hot spot area. Slow oxidation reaction with temperature 
leads to breaking of carbonic hydroxyl groups, formation of 
furanic derivatives, gases and sludge.  Dielectric response 
measurement [9]-[13] is an effective tool for the measurement 
of the concentration of moisture in oil/paper insulation 
systems. Dielectric response predicts the changes in physical 
properties like moisture content, contamination and by 
products of aging due to polarization effects and dielectric 
losses.  The traditional oil sampling method requires the 
moisture equilibrium diagram with its long time constants, and 
gets modulated with the uncertainties due to limited sampling 
at different operating temperature. Studies under laboratory 
conditions suggest that composite oil paper insulation 
polarization responses are highly dependent on the conditions 
of prepared samples and the ambient conditions of test 
environment and the geometry of electrode and insulation 
arrangement [12].  With those points from the literature, 
studies are concentrated on transformers kept in sealed tanks.  
The main objective is to come up with condition indicators 
related with aging and to derive aging parameters to develop 
the degradation model for prognosis.  Section 2 discusses the 
advantages of different existing models and drawbacks for 
implementation. Section 3 analyses the results and presents 
the extracted the condition predictors. Section 4 discusses the 
techniques and the obtained results. Section 5 concludes with 
the requirement of standardization on international level to 
make comparison and to develop suitable international 
standards briefing the procedures to arrive at aging parameters 
for operating oil-filled transformers. 
 
II. Ageing Model 
 
Ageing is a complicated study and asset managers rely on 
‘bath-tub’ curve [15] to predict the failure rate and the 
associated remaining life prediction.  Electrical utilities follow 
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the age old Dakin theory [14] of thermal stress ageing using 
(1) and follow the half life temperature rule  to fix loading and 
other forced outage decision process. Remaining life was 
mainly determined by destructive tests in the form of ‘Go’ and 
‘No Go’ test or by testing the sampled paper or oil. 
  
Ln (Life) = ln (A) + B/T      (1) 
 
Practical utility users recommend the determination of 
polarization index (PI) using (2) by measuring insulation 
resistance at 10 minutes and 1 minute (start) [15].  It is used as 
condition indicator to estimate the degradation level for 
maintenance. It is dc test and the injected charge can form as 
interfacial polarization charges and can degrade the system 
more if it is not discharged properly.  
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==                                                    (2) 
 
Electrical Research Association (ERA) dispersion test [16] 
was used to estimate the moisture and oxidation processes in 
oil-filled transformers and it is improved in the form of 
recovery voltage and other relaxation measurements. The 
different models use the relaxation response results to 
determine condition indicators. Bipolar relaxation response 
measurements with minimum voltage level are recommended 
to minimize the role of charge injection. 
 
In this period, academic interaction with industrial relaxation 
measurements increases. Many proposed models to improve 
the quantitative diagnosis with non-destructive condition 
monitoring methods are described in another submitted paper 
[17].  The advantages of different models are as follows: (1) It 
can be used for prognosis of developing faults and (2) It 
estimates the degrading parameters for fault prognosis. The 
condition indicators are condensed to a few numbers to study 
the trend and estimate the degradation level. 
 
ED model represents the relaxation processes by a number of 
parallel connected RC elements with different relaxation time 
constants with (3) as shown in Fig.1.  The occurrence of each 
additional RC element with time is an indication of the 
degradation growth.  The time and frequency domain 
relaxation responses can be fitted to this model.  Automatic 
curve fitting techniques with error limit can result in a number 
of different RC elements as exponential law of Debye function 
is used.  For practical comparison, unique fitting is not 
achieved and the time required for fitting is more. 
                    ( ) ∑
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Here, τi = Ri x Ci.  
 
Jonscher improved the exponential fitting to power law 
equation with fast and slow polarization processes using (4). 
The fitting method involves in converting the responses to 
time domain and arriving at dielectric response function. The 
steps are complicated and it does not yield unique n, m and to 
using (4). 
 
 
Fig. 1.  ED Model with three RC elements and resistor 
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Where t0 > 0, m > n > 0, m > 1 and A is constant. 
 
XY model relies on the huge data base of materials used in 
transformer and in the testing site, it is difficult to get the 
construction details.  
 
FDRC model is simple to fit as the measured resistive and 
capacitive components can be determined from magnitude and 
phase shifts on relaxation responses. The estimated Rs (ω) and 
Cs (ω) variation with frequency can be fitted to power law 
equations (5) and (6). Using condition indicating parameters c, 
d, m and n, aging model can be developed. 
  
 
Fig. 2.   FDRC Model  
 
                ( ) dcfRs −=ω                                                   (5) 
               ( ) nmfCs −=ω                                                   (6) 
 
With this background, analysis is presented in the next section 
to extract the condition predictors for aging. 
 
III. ANALYSIS 
Various forms of analysis are carried out to extract the 
significant degradation indicators of these two transformers. 
From the basic theory presented in section 2, the dielectric 
response function is an effective tool to separate the energy 
dissipating component in the form of resistive elements and 
3 
 
the energy storing polarizing component in the form of 
capacitive elements.  These components will vary with 
perturbing voltage level, thermal heating and the frequency of 
perturbations.  The rate of change is good indicator of aging. 
The analysis can provide the dynamics of such changes in a 
quantitative way to estimate the conditional parameters of 
aging. In combination with other traditional methods/models, 
it may be able to provide more valid data for remaining life 
prognosis model. 
 
A. Analysis with STEP Responses 
 
The magnitude of leakage current was significantly less with 
NEW transformer in comparison with OLD transformer. The 
rate of change of response current with time of measurement 
in Figs. 4 and 5 of [17] is significantly different.   
 
To quantify the degradation, three analyzing methods are used 
with STEP response. The first method uses the traditional PI 
as defined by (2) and the variation of PI with heating time is 
plotted in Fig.3.  PI value of NEW transformer decreased from 
20 to 6.3 with heating time of around 6 hours while the change 
for OLD transformer was from 2.08 to 1.82. 
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Fig. 3.  Variation of Polarization Index with heating time 
 
The second method used a power law fit using (7) to the 
current (I)   variation with respect to time (t) shown in Figs.4 
and 5 of [17].  
                              batI −=  ………………………            (7) 
The variation of fitted coefficients ‘a’ and ‘b’ with respect to 
time of heating is plotted in Fig.4. The coefficient ‘a’ 
increased significantly with time of heating on OLD 
transformer but with NEW, ‘a’ decreased marginally. The 
coefficient ‘b’ decreased from -0.15 to -0.2 on OLD 
transformer while it increased from -0.55 to -0.43 for NEW 
transformer. 
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Fig. 4.  Variation of ‘a’ and ‘b’ with heating time 
 
Following (3) in ED model, two RC elements shown in Fig.5 
are fitted to the responses of Figs. (4) and (5) of [17] in the 
third method of analysis.  The fitting is not perfect in the 
initial fast current response. The used abbreviations ‘TC’, ‘R’ 
and ‘C’ stand for  time constant, resistance and capacitor 
respectively in Fig.6. TCN2 increased with heating time while 
TCO1, TCO2 and TCN1 decreased with heating time. OR1 
and OR2 decreased more with heating time while OC1 and 
OC2 increased more with heating time. 
 
Fig. 5.  ED Model with two RC elements 
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Fig. 6.  Variation of time constant, R1, R2, C1 and C2 with heating time 
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B. Analysis with SINUSOIDAL Responses  
 
Low frequency responses can be analyzed in a number of 
ways. First qualitative analysis can be made on the magnitudes 
of current  and leading phase angle shift with the sinusoidal 
perturbation peak magnitude of 80 V. Fig.7 shows the 
variation of peak current (I) and phase shift (P) on OLD and 
NEW transformers during the  heating period ‘start’(S) and  
‘end’(H) time. Current responses increase with rise in 
frequency. Variation of currents (INS and INH) with NEW 
transformer is significant in comparison with measured 
currents (IOS and IOH) on OLD transformer. The NEW 
transformer insulation current response is more capacitive 
than OLD one and the leading phase shift varied in the range 
of 50º to 72º.  The increase in phase shift with increase in 
frequency is more on OLD transformer. 
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Fig. 7.  Variation of current and phase responses with frequency 
 
The second method calculates the equivalent lumped parallel 
capacitance (C’) and loss factor (tan δ) using the perturbation 
(V (ω)) and response (I (ω)) ac signals of frequency (f) by (8) 
and (9) as described in [18].  Fig.8 presents the determined C’ 
and tan δ variation with frequency. 
 
          ( ) ( )( )[ ] ( )ωωω
ωω "' iCC
iV
IC −==                                 (8) 
               ( ) ( )ω
ωωδ
'
)("tan
C
C=                                           (9) 
Where ω = 2πf and δ = 90º-phase shift (Φ) of Fig.7. 
 
C’ is the equivalent parallel capacitance (CP) and it decreases 
with increase in frequency.  In NEW, the decrease is more by 
heating while in OLD, it decreases marginally by heating. 
 
Loss factor (tan δ) is the ratio of equivalent parallel resistive 
current component to energy storing parallel capacitive 
current component. For NEW, loss factors are less than one 
and while heating, it increases. For OLD, loss factors are 
more. At low frequency, with heating LAOH rises to 7.95. 
Loss factor and dynamic changes with heating are good aging 
indicators. 
 
The third method analyses the results by fitting to ED Model 
described in section II with reference to Fig.1. The fitting is a 
time consuming exercise and it may not result in unique fitted 
parameters. In contrast to STEP response fitting shown in 
Fig.6, 3 RC elements with a resistor shown in Fig.1  are  
matched with the derived results of equivalent parallel 
capacitor (CP (ω)) and resistor (RP(ω)). In Table 1, the time 
constant of each fitted RC is shown in italics. The time 
constant (R1C1) decreases with heating for OLD transformer 
while for NEW, it increases. R4 decreases with heating in both 
the cases. The time constants are significantly less in 
comparison with ‘STEP’ results shown in Fig.6.   
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Fig. 8.  Variation of C’ and tan δ with frequency 
 
TABLE 1 
 VARIATION OF PARAMETERS OF FIGS.1 AND 8 
At Rated 
Full Load 
Current 
OLD 
Start 
OLD 
End 
NEW 
Start 
NEW 
End 
R1x1010 Ω 1.7 1.9 11.7 2.3 
C1x10-9 F 1.8(30) 1.4(26) 30(35) 2.6(60) 
R2x1010 Ω 5 3.9 1.5 1.18 
C2x10-10 F 1(5) 1.3(5) 6.5(10) 8.5(10) 
R3x108 Ω 12.5 14.3 5.88 5.56 
C3x10-9 F 0.8(1) 0.7(1) 1.7(1) 1.8(1) 
R4x1010 Ω 1.1 0.54 6.4 2.73 
 
The fourth analysis is carried out with FDRC model [12] to 
get some simple fitting of the experimental results.  The 
measured responses in Fig.7 can be expressed as impedance Z 
(ω) using (10). 
  ( ) ( )( ) ( ) ( )( )ωπωω
ωω
fCs
jRs
I
VZ
2
+==                 (10) 
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Fig. 9.  Fitting of RP and CP with ED Model Parameters of Table 1 
 
The derived Rs (ω) and Cs (ω) in (10) can be fitted to power 
law equations (5) and (6) as shown in Fig. 10.   The fitted 
condition indicators c, d, m and n are tabulated in Table 2.    
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Fig. 10.  Fitting of RS and CS with FDRC Model Parameters of Table 2 
 
TABLE 2 
 VARIATION OF PARAMETERS OF FIGS.2 AND 10 
At Rated 
Full Load 
Current 
OLD 
Start 
OLD 
End 
NEW 
Start 
NEW 
End 
c (Ω) 7.12e8 9.6e8 5.5e7 10.1e7 
d 0.4 0.28 0.85 0.72 
  m (F) 9.3e-11 6.55e-11 1.08e-9 0.96e-9 
n 0.93 1.18 0.2 0.31 
 
Thus, relaxation time domain responses with STEP DC 
perturbation are processed with three analyzing methods. 
Under the same of conditions of heating, signal processing of 
the responses due to low frequency perturbation is done by 
four methods. 
 
IV. DISCUSSION 
 
Off-line relaxation study offers dielectric responses indicative 
of degradation [9]-[13].  Still the procedures are not 
standardized [3] due to many uncertainties even though 
controlled laboratory studies provide a good consistency 
between variation of DP and moisture content with aging on 
the relaxation responses.  It was aimed to study the dynamic 
dielectric responses of operating sealed transformers due to 
operating thermal fluctuation. This study suggests that 
dynamic relaxation condition indicators with operational 
thermal loading can predict the aged status of insulation 
effectively in a non-destructive way.  Existing half-life model 
based on operating temperature can be improved significantly 
by combining this technique with the traditional on-line 
indicators like DGA, furan content and PD.  
 
A.  STEP Responses 
 
The relaxation current decreases with the time in time domain 
measurements (Figs. 3, 4 and 5 of [17]).  It is sensitive to 
previous polarized condition and magnitude of perturbation.  
The difference increases with heating time. From ambient, a 
temperature rise of 25ºC to 28ºC was estimated in NEW and 
OLD transformers from change in HV winding resistance. 
With unipolar polarization, the shape of responses is different 
for NEW and OLD transformer aged around 25 years. The 
current magnitude is less with NEW transformer.  Rated full 
load current heats the windings and the relaxation current 
increases in the tested period of about 6 hours.  The rise in 
response current with heating time is more with OLD 
transformer. To quantify that qualitative visible variation, 
three signal processing techniques are used.  
 
PI trend under off-line condition is the effective maintenance 
tool in the industry for predicting the degradation level [3] 
[15]. In the first analysis shown in Fig.3, the same principle is 
applied to study PI trend with heating time.  The first reading 
taken at 15 s is compared with 10th minute reading. PI value 
for NEW was 20 before heating and it reduced to 6.3 after 6 h 
of continuous operation. While for OLD, it was at 2.08 at the 
start with marginal drop with heating. PI value and trend with 
heating temperature can be best condition indicators of aging. 
The second analysis used the power law fit to get consistent 
shape fitting with minimum parameters for comparison. In 6 
hours, slope coefficient ‘b’ in (7) decreased from -0.15 to -0.2 
on OLD while in NEW, it increased from -0.55 to -0.43. The 
shape change was more with NEW. The change in ‘a’ was 
more with OLD indicating the large change in relaxation 
current  with heating time at the start of each 10 minutes 
measurement cycle. a and b become quantitative condition 
parameters to define PI and trend. The third analysis estimated 
the possible time constants of polarization species by fitting to 
ED model. This time consuming fitting can provide many 
options in coming up with number of branches. It may not be 
the optimized fitting for industrial use. One fast time constant 
around 1000 to 2000s and another time constant around 40 to 
90s were predicted for NEW and OLD in Fig.6. Even though, 
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the fitted time constants show the aging but the wrong signal 
processing in selecting the number of elements may result in 
confusing trend.  
 
B.  SINUSOIDAL Responses  
 
The polarization sinusoidal peak magnitude was kept low to 
80 V for minimum charge injection without affecting the 
measured responses with dominant noise. Five periods of 10 s, 
50 s, 100 s, 200 s and 500 s were selected to optimize the 
research time and to capture the variation with aging. The 
variations of the measured peak to peak current magnitude and 
the phase with frequency are shown in Fig.7. The change in 
current magnitude was more with NEW. The leading 
capacitive phase shift laid around 50 to 72º on NEW while 
with OLD and QUT transformers it was in the range of 5 to 
40º. Measurement at low frequency can identify the aging 
tendency by current response and phase shift. The second 
method estimates the energy storing polarization parameter, 
C’ by (8) and loss ratio tan δ by (9). In general, both decreased 
with increase in frequency in Fig.8. With heating, C’ increased 
on NEW while C’ decreased in OLD. Tan δ at lowest 
frequency increased significantly on heating with OLD.  The 
estimated tan δ  and its change with heating at low frequency 
are good indicators of aging.  The third method fitted the 
estimated parallel CP or C’ and RP to the ED model. Three 
elements are found to fit as shown in Fig.1 and the values of 
the fitted parameters are listed in Table 1. The fitted time 
constants shown in bracket varied in the range from 1 to 60. It 
varied with step response fitting. In Fig. 10, frequency 
dependent RC model is fitted to the derived Rs and Cs by (5), 
(6) and (10). The fourth analysis follows the power law fitting 
and the determined parameters are listed in Table 2.   Slope 
coefficient (d) on Rs decreased with heating while n on Cs 
increased with heating. Cs decreased fast with increase in 
frequency with OLD. While Rs decreased fast with increase in 
frequency on NEW. Parameters c, d, m and n and its variation 
with heating can be used as condition indicators of aging.   
 
VII. CONCLUSIONS  
 
This relaxation study with thermal loading opens a new 
scientific area for commercial exploitation in increasing oil 
filled transformers life cycle.  Some standards in fixing the 
perturbation voltage level, digital wave shape, period and 
sampling points will enable to collect the data and build the 
relaxation model connected with different rating at 
International level. The study provides salient difference in 
relaxation response changes of OLD and NEW transformers 
due to thermal changes existing in any operating transformer. 
Further studies are needed to identify this variation on aging 
with different geometry, insulating materials of different 
volume, voltage and MVA rating transformers. 
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